Curved beam bending tests have been carried out to measure interlaminar tensile strength of HTA/913 carbon fibre-epoxy. Scaled tests on high quality unidirectional specimens showed a size effect with a 20% reduction in strength for a factor of 4 increase in specimen dimensions. Specimens with (0/±45) layup gave similar strengths to unidirectional ones. A reduction of at least 21% was found for specimens failing in areas where manufacturing quality was not so high.
INTRODUCTION
Low through-thickness strength can be a critical factor for many composite structures. They are particularly susceptible to the effects of interlaminar tensile stresses, and this has been a significant cause of hardware failures [1] .
Several studies have shown that the interlaminar tensile strength of composites tends to decrease with increasing specimen size. Scaled tests on unidirectional glass-epoxy curved beams showed a 44% reduction in strength for a factor of 4 increase in dimensions [2] . Similar tests on XAS/ 913 carbon fibre-epoxy showed a 18% reduction in strength [3] . Tests on AS4/3501-6 carbon fibre-epoxy angle specimens showed a 51% reduction in strength going from 16 ply to 32 plies, although this was partly attributed to poorer manufacturing quality in the larger specimens [4] . A reduction of 27% in strength was reported for waisted specimens loaded in tension compared with the same specimens loaded in four point bending where the effective stressed volume was much smaller [5] .
The effect of the layup on interlaminar tensile strength is another important question that does not appear to have received much attention.
Several authors have drawn attention to the importance of manufacturing quality on interlaminar tensile strength [1, 4] , but little data has been published showing the effect of changes in the manufacturing process under controlled conditions.
In this study a series of carefully controlled tests has been carried out on carbon fibre-epoxy curved beams loaded in four point bending. Three different sized scaled unidirectional specimens have been tested to quantify the effect of stressed volume on interlaminar tensile strength. Specimens with a (0/±45) layup were compared with the unidirectional ones to investigate the effect of a different layup on strength. Tests were also undertaken to quantify the effect of variations in the manufacturing process on strength. Unidirectional specimens cured under reduced pressure were compared with those cured under full pressure. Specimens with increased thickness and some voidage as a result of poor consolidation in internal radii were compared with the baseline high quality specimens.
EXPERIMENTAL
All tests were carried out using curved beam bending specimens that have been found to give consistent results and avoid problems of premature failure due to stress concentrations. The geometry of the specimen is shown in Fig.  1 . The four point bending produces a pure moment between the inner loading points, giving rise to interlaminar tensile stresses in the curved central section, with no interlaminar shear. Between 5 and 10 specimens of each type were tested.
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All specimens were manufactured from the same batch of Hexcel 913/HTA unidirectional carbon fibre-epoxy prepreg. The material was laid up over a steel tool of the required geometry with vacuum consolidation every 2 or 3 plies. The plate was vacuum bagged and cured according to the manufacturers specification for 60 minutes at 120°C and 7 bar pressure. For components greater than 3 mm thick a dwell at 90°C is recommended, and so for the baseline 32 ply unidirectional specimens of 4 mm nominal thickness a 75 min dwell at this temperature was introduced. Excellent quality specimens were produced with consistent thicknesses around the critical central curved region. The average thickness was 4.2 mm, with variations generally within ±0.1 mm.
The plate was sliced into strips 10 mm wide using a diamond saw. These were tested to failure in a four point bending rig under displacement control at a cross-head rate of 1.05 mm/min. Scaled tests were carried out on unidirectional specimens with all dimensions either halved or doubled compared with those shown in Fig. 1 . For the smaller 16 ply specimens no dwell was used in the cure, whereas for the larger 64 ply specimens a dwell of 180 minutes at 90°C was included. All other aspects of the manufacturing were kept the same. The average cured thickness of the 16 ply specimens was very close to the nominal value of 2.0 mm, but the 64 ply ones were relatively thicker, with a mean thickness of 8.7 mm in the central curved region. All dimensions on the test rigs were also scaled, and the loading rates were halved or doubled compared with the baseline to achieve failure in approximately the same time.
A second series of 32 ply specimens was manufactured to investigate the effect of a different lay up on interlaminar tensile strength. The stacking sequence used was (0 2 /+45/-45) 4S . The geometry was kept the same as for the unidirectional specimens except that the width was increased to 20 mm to try to reduce any influence of the edge region. These specimens were tested to failure at the same displacement rate as the baseline specimens.
Another series of tests was carried out on unidirectional specimens cured with only 2.5 bar pressure rather than the recommended full pressure of 7 bar. Reduced pressure is often used in practice, for example for components incorporating honeycomb cores, and these tests enabled the effect of the modified cycle on interlaminar tensile strength to be determined. 32 ply specimens were used with the same geometry as the baseline case. The cured thicknesses were similar to those obtained with the full pressure.
The geometry in the transitional radii between the flat ends of the specimens and the curved sections did not conform to the nominal dimensions shown in Fig. 1 for any of the specimens. This was measured for the 32 ply baseline specimens. The thickness increased to about 4.75 mm, apparently due to fibres tending to bridge across the corner, creating a larger effective internal radius at this point, whilst the outside radius conformed to the tooling geometry, as shown schematically in Fig. 2 . There were also some indications of voidage in this area. These problems should not influence the results since the interlaminar stresses in the transition region are compressive, and so failure should not initiate here.
This kind of problem is often seen in practice, and so a further series of tests was undertaken to investigate how much effect it had on the interlaminar tensile strength. This was done by testing specimens of the baseline geometry upside down so that interlaminar tensile stresses were generated in the radii in the outer transition region to produce delamination here rather than in the high quality central region. Note that these tests were carried out on specimens cured at reduced pressure. Table 1 gives a summary of the dimensions of the different tests.
RESULTS
All specimens behaved very similarly, with no indications of damage until failure occurred suddenly. In most cases there was a single delamination approximately half way through the thickness, running right around the central curved section and beyond the loading rollers. In a few cases secondary delaminations were also visible, generally not extending as far as the principal ones. Load-deflection curves were approximately linear up to failure.
The maximum loads at failure are shown in Table  2 . Lekhnitskiis elasticity solution for curved beams subject to pure bending was used to determine the interlaminar tensile stresses arising in the central curved region of the specimens [6] . This requires the moduli in the circumferential and radial directions. The manufacturers data for the in-plane modulus of the unidirectional material was 131.5 GPa and 9.2 GPa in the fibre and transverse directions respectively. For the unidirectional specimens the fibre direction modulus could be used directly, and for the (0/ ±45) lay up, an equivalent modulus of 75.2 GPa was calculated based on laminated plate theory. The through thickness modulus of both lay ups was assumed to be the same as the in-plane transverse modulus. The specimens are relatively The Lekhnitskii analysis indicates that the maximum interlaminar tensile stresses arise slightly inboard of the mid-plane, about 42% of the distance through the thickness. The peak values are shown in Table 2 . Note that there was some variation in the through thickness location of delaminations, and failure did not necessarily occur at the position of maximum stress. These results are the maximum stresses sustained by stiff, and so the bending moment was calculated from the measured failure load and the offset between the loading and support rollers. the specimens rather than the stresses at the failure locations.
DISCUSSION 4.1 Effect of Specimen Size
The interlaminar tensile strengths obtained are quite high compared with typically quoted values, reflecting the care taken in manufacturing and the resulting high quality of the specimens. There is a clear size effect, with a 20% reduction in strength from 111 MPa for the smallest to 88 MPa for the largest scaled specimens. This is very similar to the 18% reduction reported previously with similar tests on XAS/913 carbon fibre-epoxy [3] . It should be noted that since the thicknesses did not scale with the number of plies, the volume fraction would be expected to be lower than the nominal 60% in the larger specimens.
Size effects are usually attributed to defects, with a greater probability of there being a larger defect in a larger specimen and hence a lower strength. Defects also cause variability, as noted in these results where the coefficients of variation were between 5.3 and 11.5%. The size effect can be quantified in terms of Weibull statistical strength
The same equation can be applied to nonuniformly stressed specimens provided they are perfectly scaled and the response is linear so that the form of the stress distributions is identical. In this case s represents some characteristic value such as the maximum stress. A plot of maximum stress at failure against volume will therefore give a straight line on a log-log plot, with a slope of -1/m. Fig. 3 shows the data plotted in this way, with the error bars corresponding to one standard deviation on either side of the mean results. The actual volumes of the central curved region have been used based on the measured thicknesses. The straight line fit is good, consistent with Weibull theory, and the Weibull modulus estimated from the least squares fit to the three
where m is the Weibull modulus.
theory, which indicates a relationship between the volumes V 1 , V 2 and strengths s 1 , s 2 of two different sized uniformly stressed specimens of the form: 
Effect of Layup
The maximum load per unit width at failure is slightly lower for the (0/±45) specimens than for the unidirectional ones. However, the stressed volume is doubled as a result of the increased width. Based on the Weibull modulus derived from the scaled unidirectional tests, a difference in strength of 3.8% would be expected as a result of the different volume. Correcting the (0/±45) result for this effect implies a strength of 99 MPa for a specimen the same size as the unidirectional one. This is only 4% lower than the value of strength of 103 MPa measured for the unidirectional material. The (0/±45) result has also been plotted on Fig. 3 , and lies very close to the least squares fit from the unidirectional tests.
High interlaminar normal and shear stresses will be present at the ply interfaces near the free edges of the (0/±45) specimens. However, 3-D finite element analysis has shown that the overall interlaminar stresses drop off substantially at the free edge [7] . Given the similar strengths compared with the unidirectional specimens, it appears that the high stresses at the free edge have not had a great effect on initiation of failure. This is probably because they are very localised, and are not severe enough to outweigh the reduction in overall interlaminar tensile stress near the edge. This will not necessarily be true for other layups. For example in similar tests on glass fibre-epoxy specimens with (0 4 /(+45/-45) 6 ) S layup, failure initiated prematurely at the outermost interface between the 0° and 45° plies rather than nearer the middle of the specimen where the overall interlaminar tensile stress was higher [8] .
These results suggest that the interlaminar tensile strength may not be strongly affected by the layup provided failure initiates due to overall stresses rather than localised stresses arising at the free edge.
Effect of Manufacturing Parameters
The results show no significant difference in strength for the specimens cured under reduced pressure. This is presumably because the pressure was still sufficient to prevent voidage occurring. However, this conclusion may not apply in more complex components where the volume fraction is locally higher or where greater resin flow is required. In these cases voidage may arise under reduced pressure, with an associated reduction in interlaminar strength.
The specimens tested inverted to produce interlaminar tension in the radii in the outer transition region where there were indications of voidage showed a 38% drop in failure load compared with the baseline specimens, and considerable increase in variability. However, these results cannot be compared directly because the geometry is different. Firstly the curvature in the outer transition region is tighter than in the central region, with a nominal external radius of 10 mm rather than 12 mm, which will increase the interlaminar tensile stress. Secondly the thickness is significantly higher, which would decrease the stress. The worst case as far as the stress is concerned would be near the end of the curved section where the thickness reduces towards the average value of about 4.2 mm. This value and the radius of 10 mm were used in the Lekhnitskii analysis, which assumes constant thickness and radius. A maximum interlaminar tensile stress at failure of 82 MPa was obtained, 21% less than for the baseline material. This is an upper bound, because it assumes that failure initiates where the stress is highest. In practice it may have initiated in the thicker material despite the lower stress due to the poorer quality in this area. The main point to note is that there can be significant reductions in strength due to differences arising in manufacture. This is consistent with other results, for example the very low strengths of less than 10 MPa reported from bending tests on flange-web corners taken from curved frames where there was voidage [9] . Specimens with a (0 2 /+45/-45) 4S lay up showed similar strengths. Correcting for the effect of the larger volume due to the higher width gave an effective strength of 99 MPa compared with 103 MPa for the same thickness unidirectional specimens. This suggests that the lay up may not have a strong effect on interlaminar tensile strength provided that premature failure does not initiate at the free edge.
CONCLUSIONS
Reducing the pressure from 7 bar to 2.5 bar during the cure in this case made no difference to the interlaminar tensile strength. Reductions in strength of at least 21% were found for specimens failing in the transition region where there were indications of voidage, compared with those failing in the central curved region where good consolidation was obtained, showing the critical importance of manufacturing quality for interlaminar tensile strength.
